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 2 
Abstract 
The stability of geotechnical structures under repeated loading depends to a large extent on the 
induced cyclic shearing stresses. The design of these structures usually requires engineers to 
employ advanced soil models in their analyses. While a number of such models do exist, their 
validation against cyclic laboratory tests is still very limited. In particular, the influence of the 
initial structure of the clay and its subsequent degradation under cyclic loading appears to be 
insufficiently investigated from both experimental and constitutive modelling standpoint. 
The work outlined in this paper adds a new contribution to the theoretical understanding of 
cyclic response of clayey materials, presenting the extensive validation of an advanced kinematic 
hardening model against laboratory data on a number of natural and compacted clays found in 
literature. In order to analyse in detail the evolution of shear and hysteretic soil behaviour over a 
wide strain range, further modelling accounting for the effects of overconsolidation ratio and 
structure degradation is undertaken. The modelling results of shear stiffness degradation, 
hysteretic dissipation and pore pressure accumulation are presented and compared with 
experimental data. The results show that the enhanced kinematic hardening model gives very 
satisfactory predictions of clay response during cyclic loading. 
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1. Introduction 1 
Saturated clayey deposits can be subjected to undrained cyclic loads by earthquakes, pile driving, 2 
traffic, explosions and storm waves. Under such repeated and irregular loading, clay structure 3 
deteriorates, pore water pressure changes and shear stiffness and strength degrade accordingly. 4 
Therefore, the behaviour of geotechnical structures and infrastructures interacting with clayey 5 
deposits is strongly influenced by the predictive capabilities of the constitutive model adopted 6 
for their design. 7 
In particular, the characteristic features of the mechanical response of clays under cyclic loading, 8 
such as state dependency, early irreversibility, non-linearity, build-up of excess pore water 9 
pressures, decrease of nominal stiffness and related increase of hysteretic damping with cyclic 10 
shear strain, have been identified through extensive laboratory investigations on reconstituted 11 
samples by Sangrey et al. [1], Castro and Christian [2], Vucetic and Dobry [3], Yasuhara et al. 12 
[4], Matasović and Vucetic [5], Lee and Sheu [6] and Gu et al. [7], among others. More recently, 13 
there have been considerable advances in the experimental and constitutive modelling of natural 14 
soils to account for structure and its subsequent degradation under monotonic loading (e.g. 15 
Burland [8], Leroueil and Vaughan [9], Gens and Nova [10], Burland et al. [11], Cotecchia and 16 
Chandler [12], Callisto and Calabresi [13], Callisto and Rampello [14], Amorosi and Rampello 17 
[15]). Structure degradation under static loading has been shown to be critically important in 18 
reproducing the response of geotechnical systems interacting with clayey deposits, such as 19 
shallow foundations (e.g. Lagioia and Potts [16], Nova et al. [17]), earth embankments (e.g. 20 
Karstunen et al. [18], Panayides et al. [19]) and tunnels (e.g. Gonzáles et al. [20]). In contrast, 21 
only few contributions can be found in literature where the damage to structure caused by cyclic 22 
loading is accounted for in the analysis (e.g. Elia and Rouainia [21]). It is well-known that 23 
natural clays exhibit higher small-strain stiffness (G0) than the corresponding reconstituted 24 
materials (Rampello et al. [22, 23], Viggiani and Atkinson [24], Rampello and Viggiani [25], 25 
Cafaro and Cotecchia [26]). However, it appears that little research has been directed towards 26 
 4 
understanding the evolution of microstructure (destructuration) during cyclic loading and its 1 
effect on the normalised shear modulus (G/G0) degradation curve, excess pore water pressure 2 
(u) and damping (D) curves with cyclic shear strain (). Only few laboratory data presenting a 3 
direct and consistent comparison between the cyclic/dynamic behaviour of natural and 4 
reconstituted samples of the same material are available in the literature. d’Onofrio et al. [27, 28] 5 
reported the results of an extensive testing programme on two natural Italian stiff clays using a 6 
resonant column/torsional shear device. In particular, the normalised shear modulus reduction 7 
curves obtained by testing a reconstituted (4BSR04) and a natural sample (1BSI04) of Bisaccia 8 
clay at the same mean confining pressure of 50 kPa are shown in Figure 1a. It can be observed 9 
that the normalised shear stiffness of the natural sample degrades faster than the corresponding 10 
reconstituted material and the authors highlighted that the linear threshold strain of the natural 11 
specimens is always smaller than that of the reconstituted samples in all their experiments. 12 
Rampello and Silvestri [29] also presented experimental G/G0 degradation curves for natural and 13 
reconstituted samples of overconsolidated Vallericca clay obtained during resonant column (RC) 14 
and torsional shear (TS) tests (see Figure 1b). Allman and Atkinson [30] and Atkinson et al. [31] 15 
reported the secant shear modulus (Gsec) normalised with respect to the initial mean effective 16 
stress (p0) for intact and reconstituted samples of Bothkennar clay obtained from undrained 17 
triaxial (TRX) tests (Figure 1c). These experimental results showed that natural clays, although 18 
characterised by initial higher small-strain stiffness, exhibit smaller normalised shear stiffness 19 
than reconstituted soils due to damage to structure caused by the increased loading throughout 20 
the test. 21 
In the simpler constitutive relations, the shear modulus degradation is indirectly obtained from a 22 
hyperbolic function that describes the backbone curve (e.g. Ramberg and Osgood [32], Iwan 23 
[33], Duncan and Chang [34]). Unloading-reloading behaviour is modelled by sets of rules, such 24 
as those proposed by Masing [35] or Pyke [36], which control the shape of hysteresis loops and, 25 
therefore, the damping of the soil. One of the limitations of these basic models is that they tend 26 
 5 
to overestimate the damping in the medium to large strain range and to under-predict it for small 1 
shear strains (Puzrin and Shiran [37]). Attempts have been made in recent years to improve the 2 
predictive capabilities of these simple hyperbolic models, trying to fit both the experimental 3 
normalised shear modulus and the damping ratio curve over the entire range of cyclic shear 4 
strain amplitudes (e.g. Darendeli [38], Phillips and Hashash [39]). Nevertheless, the stress-strain 5 
response predicted by these enhanced models is still decoupled from the generation of excess 6 
pore pressures, as the formulation is developed in terms of total stress. Alternatively, more 7 
advanced constitutive laws have been developed to capture the mechanical behaviour of 8 
cohesive materials within the framework of the work-hardening elasto-plasticity theory (e.g. 9 
Mroz et al. [40], Prevost [41] and Dafalias and Herrmann [42]). The presence of soil structure 10 
and its subsequent degradation under increased loading has been recently included into a number 11 
of elasto-plastic constitutive models, such as those proposed by Asaoka et al. [43], Rouainia and 12 
Muir Wood [44], Kavvadas and Amorosi [45], Baudet and Stallebrass [46] and Seidalinov and 13 
Taiebat [47]. These effective-stress-based models are able to describe the response of natural 14 
clays under both monotonic and cyclic loading conditions, accounting for the accumulation of 15 
plastic strains and shear induced excess pore water pressures with increasing number of cycles. 16 
Nevertheless, the essential aspect of the influence of soil structure on small-strain stiffness has 17 
not been incorporated in these models. 18 
The aim of the paper is to investigate the performance of one of these non-linear constitutive 19 
models during cyclic shear simulations representing advanced dynamic laboratory tests on clays 20 
(such as RC and TS tests). The first part of the work introduces a modification of the well-known 21 
expression proposed by Viggiani and Atkinson [24] for the variation of G0 with current state, 22 
which allows to independently account for the influence of mean effective stress, 23 
overconsolidation ratio and soil structure on shear stiffness. The new elasticity formulation has 24 
been implemented into an existing multi-surface kinematic hardening model, the Rouainia and 25 
Muir Wood (RMW) model [44], to enhance its predictive capabilities under static and cyclic 26 
 6 
loading conditions. The influence of model parameters and state variables on the RMW 1 
predictions of G-, D- and u- curves has been then investigated through an extensive 2 
parametric study. Finally, the modified constitutive model has been validated using experimental 3 
data on natural, reconstituted and compacted clays found in literature.  4 
 5 
2. Soil constitutive model 6 
The constitutive model adopted in this work has been formulated for natural clays by Rouainia 7 
and Muir Wood [44] within the framework of kinematic hardening with elements of bounding 8 
surface plasticity. This model converges to the Modified Cam-Clay model for remoulded 9 
structureless soils. It is characterised by three surfaces in the stress space (see Appendix I). The 10 
reference surface (fr) controls the state of the soil in its reconstituted, unstructured form and 11 
describes the intrinsic behaviour of the clay (Burland [8]). The structure surface (F) controls the 12 
process of destructuration which can be accompanied by significant strain-softening effects. The 13 
bubble (fb) encloses the elastic domain of the soil and moves within the structure surface 14 
following a kinematic hardening rule. The decrease of stiffness with strain is controlled by an 15 
interpolation function which ensures a smooth movement of the elastic domain towards the 16 
structure surface during loading.  17 
The Rouainia and Muir Wood model has been implemented in the single element driver SM2D 18 
(Chan [48]) with an explicit stress integration algorithm adopting a constant strain sub-stepping 19 
scheme. Appendix I reports its governing equations. The model has been successfully employed 20 
to simulate both static (Panayides et al. [19], Gonzáles et al. [20]) and dynamic geotechnical 21 
problems (Elia and Rouainia [21, 49]). Nevertheless, the performance of RMW has never been 22 
extensively validated against cyclic laboratory data before.  23 
In previous versions of the model a classical hypoelastic formulation, accounting for a linear 24 
dependence of both bulk and shear moduli on mean effective pressure, was adopted. In this 25 
work, a different elasticity formulation has been implemented to include the dependency of the 26 
 7 
shear modulus on the overconsolidation ratio and soil structure. To this aim, the well-known 1 
equation proposed by Viggiani and Atkinson [24] for the small-strain shear modulus (G0) has 2 
been modified as follows: 3 
 4 
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 6 
where A, m and n are dimensionless stiffness parameters, pr is a reference pressure (equal to 1 7 
kPa), p is the mean effective stress (with the prime dropped for simplicity), r is the RMW model 8 
parameter accounting for soil structure due to bonding (see Appendix I) and R0 = 2r0pc/p0 is the 9 
isotropic overconsolidation ratio. For r = 1.0 (i.e. no structure), Equation (1) reduces to the 10 
original expression of Viggiani and Atkinson [24]. With respect to the original formulation, 11 
Equation (1) introduces only one additional parameter, l, which controls the contribution of 12 
structure to the model prediction of shear modulus. The new expression resembles the one 13 
originally proposed by Cafaro and Cotecchia [26] for stiff clays and recently suggested by 14 
Trhlíková et al. [50] for the small-strain behaviour of cemented soils. 15 
 16 
3. Parametric investigation 17 
In using advanced constitutive models for the design of geotechnical structures subjected to 18 
cyclic/dynamic loads, special emphasis has to be given to the calibration procedure of their 19 
numerous parameters and the initialization of their state variables (i.e. initial stress state and 20 
hardening parameters) based on laboratory and in-situ data. 21 
The distinct and combined effects of the overconsolidation ratio and soil structure, together with 22 
model parameter selection on the RMW predictions of cyclic response of clays have been 23 
systematically investigated in this part of the study. For all the simulations presented in this 24 
section, a typical set of model parameters (Set 1) has been assumed for the parametric analysis 25 
 8 
(see Table 1). The stiffness parameters A, m and n, equal to 770, 0.23 and 0.82, respectively, 1 
have been chosen to be representative of a clayey soil with a plasticity index of 35%, using the 2 
correlation proposed by Viggiani and Atkinson [24]. A critical state ratio of 1.2, corresponding 3 
to a friction angle of 30 during triaxial compression, and a constant Poisson’s ratio equal to 0.25 4 
have been adopted. A small size of the bubble surface (represented by a ratio of R = 0.1) has 5 
been assumed to account for early development of plastic strains during loading. In addition, a 6 
default value of 0.5 has been used for the parameter A
*
, thus assuming an equal proportion of 7 
distorsional and volumetric destructuration. The parameter k controlling the rate of loss of 8 
structure with damage strain has been set equal to 1.0. A series of single element simulations of 9 
strain-controlled undrained cyclic simple shear (CSS) tests have been carried out by imposing 10 
different shear strain amplitudes and assessing the model response for each strain value after a 11 
number of cycles sufficient to reach a steady-state condition. In particular, the secant shear 12 
modulus, the damping ratio and the excess pore pressures predicted during undrained loading 13 
have been determined after 500 strain cycles, as suggested by Elia [51] and Elia et al. [52]. This 14 
approach is slightly different from the one originally proposed by Seed et al. [53] and recently 15 
adopted by Seidalinov and Taiebat [47], which consists of the evaluation of the shear modulus 16 
and damping ratio at the fifth cycle of the stress-strain loop of a cyclic shear test. Five load 17 
cycles are, in fact, considered not to be sufficient to reach a steady-state condition and to 18 
represent an appropriate simplification of real RC and TS tests, where thousands of loading 19 
cycles are applied to the soil sample. Moreover, the effect of the number of cycles (N) on the 20 
material cyclic degradation and pore water pressure generation has been widely observed during 21 
laboratory investigations on clays (e.g. Vucetic [54], Vucetic and Dobry [3]) and should be 22 
accounted for in the constitutive modelling simulations. 23 
 24 
3.1 Effect of overconsolidation ratio 25 
Initially, the performance of RMW has been evaluated assuming a fixed initial value of the state 26 
 9 
variable pc, which controls the size of the reference surface, and changing the mean effective 1 
confining pressure in order to simulate CSS tests at different overconsolidation ratios (R0 equal 2 
to 1.0, 1.5, 2.0, 3.0 and 4.0). In this set of simulations, the effect of the initial structure has not 3 
been accounted for (r0 = 1.0).  4 
Figure 2a presents the results of CSS test simulations performed at different shear strain levels in 5 
terms of normalised shear modulus reduction curves and corresponding variations of damping 6 
ratio with . The new elastic formulation of the model (i.e. Equation (1)) is now able to capture 7 
the increase of G0 with overconsolidation. Nevertheless, the normalised G/G0- curves reported 8 
in Figure 2a are not independent of R0, as clay samples characterised by higher overconsolidation 9 
ratios show a larger linear cyclic response at small strains and their stiffness degrades less than 10 
normally consolidated soils at large strains. The overconsolidation has instead a small effect on 11 
the calculated D- curves, consistently with the laboratory evidences (e.g. Vucetic and Dobry 12 
[3]). Figure 2b shows the normalised excess pore pressure curves (u/p0) calculated with RMW 13 
for different R0 values: in normally consolidated and slightly overconsolidated cases (i.e. R0 14 
equal to 1.0 and 1.5) positive excess pore pressures are predicted, whereas for higher 15 
overconsolidation ratios (3.0 and 4.0) negative pore water pressures are accumulated during the 16 
cycles. 17 
In the model, the amount of u generated during a cyclic test is directly controlled by the 18 
distance between the initial mean effective stress p0 and the centre of the reference surface pc, 19 
i.e.: 20 
 21 
0
0 0
cp pu
p p

                     (2) 22 
 23 
as the stress path starts from p0 and tends to reach a steady-state condition at critical state. This is 24 
shown schematically in Figure 3a, where the stress paths of two strain-controlled undrained TRX 25 
 10 
simulations, one starting from a slightly overconsolidated state and one from a highly 1 
overconsolidated state, are reported. The arrows in the figure represent the stress path directions. 2 
When R0 is 1.0, the distance between the initial mean effective stress and the centre of the 3 
reference surface is equal to the size of the reference surface pc, while p0 is twice pc and therefore 4 
the normalised excess pore pressure is 0.5 according to Equation (2). For R0 equal to 2.0, the 5 
model predicts a value of u equal to zero, being p0 = pc. In this case, the stress path starts from 6 
the centre of the reference surface and remains vertical during the cycles with no accumulation 7 
of pore pressures. When R0 is 4.0, u/p0 is equal to -1.0, being p0 half of pc. Figure 2b also 8 
indicates that for small shear strains the excess pore pressures are equal to zero as the imposed 9 
shear strain level is not sufficiently high to produce plastic strains. This corresponds to a null 10 
damping ratio in Figure 2a. Moreover, for   0.05% the calculated excess pore pressures during 11 
different CSS tests performed at the same overconsolidation ratio remain constant and equal to 12 
the value predicted by Equation (2), no matter what level of cyclic shear strains is considered. 13 
This happens because the number of cycles selected for the CSS simulations (i.e. 500) is 14 
sufficient to attain a steady-state condition during each test. 15 
 16 
3.2 Effect of structure and its degradation 17 
In this part of the work, a set of CSS tests have been simulated with the modified RMW model by 18 
imposing the same initial value of the state variable pc and considering four different degrees of 19 
initial structure (i.e. r0 = 1.0, 1.5, 2.0 and 3.0). The soil has been assumed normally consolidated 20 
(i.e. R0 = 1.0) in order to clearly separate the effects of overconsolidation from those due to 21 
structure degradation. In addition, the parameter l has been assumed equal to 0.25, while its 22 
effect is presented later in this section. 23 
Figure 4a shows the normalised shear modulus reduction curves for the different assumed r0 24 
values: samples with higher initial structure tend to have a less linear cyclic response at small 25 
 11 
strains and their stiffness degrades more than structureless soils at larger strains. The G/G0 1 
curves for structured soils are consistently shifted to the left in comparison with the one of the 2 
unstructured material due to structure degradation induced by the cyclic loading in the medium 3 
to large strain range. The initial structure, on the contrary, seems to have a negligible effect on 4 
the predicted behaviour in terms of hysteretic dissipation (Figure 4a). Moreover, the results 5 
reported in Figure 4b, in terms of variation of u/p0 with , indicate that positive excess pore 6 
pressures are generated during the cycles in all cases, as the soil is normally consolidated. Their 7 
normalised large-strain value is controlled, according to Equation (2), by the size of the reference 8 
structure pc, which is now different in the four cases. For higher r0 values, the shear modulus 9 
starts to decay at smaller shear strain levels and non-zero damping ratios and excess pore 10 
pressures are predicted accordingly. While 500 cycles have been proved to be sufficient to reach 11 
a steady-state condition during the CSS simulations with different R0 and no structure (Figure 12 
2b), Figure 4b indicates that this number of loading cycles appears to be insufficient to induce a 13 
full destructuration of the samples, especially at small-strain levels.  14 
The effect of the parameter l introduced in Equation (1) on the cyclic response predicted by the 15 
new version of RMW model has also been explored. The normalised G- curves obtained during 16 
a set of CSS test simulations on normally consolidated structured samples (r0 equal to 1.5) are 17 
reported in Figure 5a, for values of l ranging from 0.25 to 1.0. The behaviour predicted by 18 
changing l is qualitatively similar to what described in Figure 4a, where r0 is varied. 19 
Nevertheless, the parameter l influences the initial shear stiffness while r0 controls also the 20 
degree of soil structure and the evolution of the destructuration process. Therefore, a narrower 21 
variation in the G/G0- curves can be observed in Figure 5a with respect to Figure 4a, as the 22 
degree of initial structure is fixed in this case (i.e. r0 = 1.5). The D- curves reported in the same 23 
Figure 5a confirm the negligible effect of soil structure on the hysteretic dissipation predicted by 24 
the model. The results shown in Figure 5b in terms of normalised excess pore water pressures 25 
 12 
highlight the minor influence of l on the accumulation of pore water pressures during large-strain 1 
cycles, consistently with what observed in terms of damping.  2 
Finally, Figure 6a shows the normalised G- curves obtained during CSS test simulations on 3 
normally consolidated structured samples (r0 = 2.0) for different values of the parameter k 4 
ranging between 0 and 2.0 (where k controls the rate of structure degradation with damage 5 
strain). The parameter A
*
 has been assumed equal to 0.5, as in all previous simulations. With 6 
respect to the default case of k = 1.0 (see Table 1), the simulations performed assuming k equal 7 
to 2.0 exhibit a smaller normalised shear stiffness. In contrast, the slower rates of loss of 8 
structure (i.e. k = 0.5 and 0.1) produce consistently stiffer shear modulus degradation curves, for 9 
which the upper limit is represented by the curve obtained with k = 0 (no destructuration). In all 10 
cases, the destructuration rate plays only a role when large shear cycles are imposed, while the 11 
G- curves completely overlap for  < 0.01%. Moreover, the effect of k on the damping curves is 12 
also negligible, as reported in Figure 6a. The normalised excess pore water pressure curves, 13 
shown in Figure 6b, confirm that the full destructuration only occurs for large imposed shear 14 
strains, while partial loss of structure is observed in the medium to small strain range. When no 15 
destructuration is allowed (k = 0), the normalised u- curve resembles the one of a normally 16 
consolidated unstructured soil (see Figure 2). 17 
In general, Figures 4, 5 and 6 show that the initial structure and its subsequent degradation have 18 
an opposite effect on the predicted soil behaviour during cyclic loading with respect to 19 
overconsolidation (see Figure 2), thus indicating that these are two distinct aspects of the 20 
mechanical behaviour of natural clays. Note that the model is able to capture the softer shear 21 
modulus degradation of natural clays when compared with reconstituted clays, which can be 22 
seen experimentally in Figure 1. 23 
 24 
3.3 Combined effect of overconsolidation and structure 25 
 13 
To investigate the simultaneous influence of overconsolidation and structure, CSS simulations 1 
has been performed on structured samples (r0 = 3.0) assuming different initial conditions in 2 
terms of R0. As in the previous simulations, the parameter l has been set equal to 0.25.  3 
Figure 7a reports the modulus degradation and damping curves predicted by RMW in this case: 4 
as previously observed (Section 3.1), higher overconsolidation ratios induce larger linear cyclic 5 
response at small strains, followed by steeper stiffness degradation at larger strains. 6 
Nevertheless, the presence of structure considerably affects the build-up of excess pore 7 
pressures, as shown in Figure 7b. For normally and slightly overconsolidated samples (i.e. R0 8 
equal to 1.0 and 1.5), the cumulated pore water pressures are always positive, indicating a 9 
contracting behaviour during the cycles. This is observed also when R0 is equal to 2.0, as the 10 
structure degradation induced by the cycles implies that the stress state always lies on the “wet” 11 
side of critical state (as defined by Roscoe and Burland [55]) during the test. In contrast, when 12 
the overconsolidation is higher than 2.0 the initial stress state of the samples is located on the 13 
“dry” side of critical, thus inducing an initial accumulation of negative pore pressures. Then, due 14 
to the concurrent contraction of the structure surface, the overconsolidation ratio reduces leading 15 
to the generation of positive excess pore water pressures in the final part of the cyclic 16 
simulations. This fundamental mechanical behaviour of natural clays under cyclic loading is also 17 
illustrated in Figure 3b, where the stress paths of strain-controlled undrained triaxial simulations 18 
on slightly and highly overconsolidated structured samples are shown in the p : q plane. In the 19 
slightly overconsolidated case, the stress path moves from right to left until all structure has been 20 
lost. In contrast, for the case of highly overconsolidated sample, the stress path initially moves to 21 
the right and then travels back due to the contraction of the structure surface. Arrows are shown 22 
in the figure to depict the contraction of the structure surface together with the stress path 23 
directions. 24 
 25 
3.4 Effect of stiffness interpolation parameters 26 
 14 
The RMW predictions discussed in the previous sections of this paper have shown the capability 1 
of the model to capture some crucial features of the cyclic behaviour of clays, highlighting the 2 
importance of the material overconsolidation and structure. Nevertheless, it should be noted that 3 
the damping predicted by the model for small strains (i.e.   0.01%) is equal to zero, whereas 4 
the experimental data (e.g. Vucetic and Dobry [3]) typically indicate an initial damping ratio D0 5 
of about 2%. RMW can only simulate hysteretic dissipation caused by plastic strains, which are 6 
practically zero for small values of imposed  as the associated stress paths lie inside the bubble 7 
surface. Smaller bubble sizes (controlled by the parameter R) could allow the prediction of an 8 
earlier development of plastic strains and related damping. At the same time, it has been argued 9 
that the D0 values measured in RC experiments can be attributed to material viscous effects 10 
and/or the inertia of the resonant column apparatus itself (Meng and Rix [56]), which cannot be 11 
accounted for in RMW. Additionally, the model tends to over-predict the damping ratio at large 12 
strains (  0.5%) with respect to laboratory data (e.g. Vucetic and Dobry [3]). The shape of the 13 
hysteretic loops is controlled by the elasto-plastic stiffness during loading-unloading cycles and, 14 
therefore, by the stiffness interpolation parameters B and  used in the plastic modulus 15 
interpolation function (Equation (I8) in the Appendix). To investigate their effect on the 16 
hysteretic damping predictions of the modified version of RMW, the parameter B has been varied 17 
between 0.1 and 2.5 for a fixed  equal to 1.5 and  has been changed between 0.1 and 2.5 for a 18 
fixed B = 1.0, while the values reported in Table 1 have been adopted for all the other model 19 
parameters. No overconsolidation and initial structure have been considered (i.e. R0 = r0 = 1.0). 20 
Figures 8a and 8b show the corresponding G/G0- and D- curves together with the range of 21 
experimental data by Vucetic and Dobry [3], reported with a shaded area. Compared to the case 22 
where B = 1.0 and  = 1.5, a significant reduction in the damping ratio over-prediction at large 23 
strains can be obtained if smaller values of B (e.g. 0.1) and larger values of  (e.g. 2.5) are 24 
employed, as the predicted response during unloading-reloading cycles is softer and, 25 
 15 
consequently, the area of the loops is smaller. On the contrary, larger B and smaller  values 1 
make the plastic modulus larger, thus leading to a stiffer response at large strains and wider 2 
hysteretic loops. Although a careful calibration of the stiffness interpolation parameters can 3 
improve the prediction by the enhanced RMW model of plastic dissipation, the damping curves 4 
still plot higher than the experimental data for  > 0.5%. Slight improvements would have been 5 
obtained by employing the structure degradation feature of the model, whereas the parametric 6 
investigation suggests that a modification of the plastic modulus interpolation function could 7 
lead to better predictions of hysteretic damping in the large-strain range. 8 
 9 
4. Model validation against laboratory data 10 
The modified RMW model has been validated against undrained cyclic tests performed on three 11 
different clays: a compacted clay from Thailand (Soralump and Prasomsri [57]), reconstituted 12 
samples of the VNP (Venezuelan North of Paria) clay (Vucetic [54]), and the natural Cloverdale 13 
clay (Zergoun and Vaid [58]). The corresponding model parameters and initial state variables are 14 
given by Set 2, Set 3 and Set 4 in Tables 2 and 3, respectively. In all these simulations, the 15 
stiffness parameters A, m and n in Equation (1) have been selected as function of the plasticity 16 
index using the correlation proposed by Viggiani and Atkinson [24], while a value of 0.25 has 17 
been used for the parameter l. 18 
 19 
4.1 Compacted clay 20 
Soralump and Prasomsri [57] conducted a series of cyclic hollow cylinder torsional tests on 21 
compacted clay specimens collected from different types of dams in Thailand. The samples were 22 
prepared by wet hand-tamping compaction, fully saturated and isotropically consolidated up to 23 
the maximum effective confining pressure. The overconsolidated specimens were subsequently 24 
unloaded to the desired effective confining pressure to achieve the required overconsolidation 25 
ratio. In the cyclic shearing phase of the tests, the samples were torsionally sheared under 26 
 16 
undrained condition in six to eight multi-stages, imposing 10 cycles in each stage. The strain-1 
controlled shearing was conducted with a frequency of 2 Hz and the applied shear strain 2 
amplitude (c) was varied in the range of approximately 0.005 to 1.5% (Figure 9a). In general, 3 
the results of this study revealed that overconsolidation significantly affects the stiffness 4 
degradation and cyclic pore water pressure in compacted clay specimens. The ones with higher 5 
overconsolidation ratios exhibited less degradation and larger initial accumulation of negative 6 
pore pressures before a final build-up of positive pressures. In particular, the test performed 7 
under an effective confining stress (c) of 100 kPa on a sample with an overconsolidation of 4, 8 
an optimum moisture content of about 19%, a liquid limit of 35% and a plasticity index of 17% 9 
is considered here. The observed changes in normalised cyclic shear stress (c
*
) and normalised 10 
pore water pressure (ru) are plotted in Figures 9b and 9c, respectively.  11 
In the RMW calibration process, a critical state ratio of 1.4, corresponding to a friction angle of 12 
34 during triaxial compression, has been adopted, while the ratio of sizes of bubble and 13 
reference surface has been set equal to 0.07. As in the parametric investigation presented in 14 
Section 3, an equal proportion of distorsional and volumetric destructuration has been assumed 15 
(i.e. A
*
 = 0.5) but a lower rate of loss of structure with damage strain (k = 0.5) has been used. 16 
Calibration of the stiffness interpolation parameters B and  has been performed based on the 17 
stress-strain loops of the undrained cyclic shear stress tests. The corresponding model 18 
predictions, adopting the parameters and state variables given by Set 2 in Tables 2 and 3, are in 19 
good agreement with the experimental data, as indicated by Figures 9d, 9e and 9f. Consistently 20 
with the experiments, the normalised cyclic shear stress decreases with the number of cycles, 21 
especially in the last five stages of the test, with a larger reduction as the magnitude of shear 22 
strains increases (Figure 9e). The measured and predicted stress-strain loops are reported in 23 
Figures 10a and 10b, respectively. While the general trend is correctly captured by the RMW 24 
model, the shape of the loops simulated with the model is different from the observed one. This 25 
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discrepancy can be attributed to the nature of the tested material, which presumably contained a 1 
high percentage of non-fine particles in order to be compacted to the optimum moisture content 2 
and, therefore, showed a cyclic mobility response at large strains typical of granular materials. It 3 
can also be guessed that some sort of structure has been generated by the compaction of the 4 
specimens (and therefore r0 = 3.0 has been used in the simulations), thus leading to the initial 5 
generation of negative pore water pressures then followed by a final build-up of positive excess 6 
pore pressures (Figure 9c). As discussed in the previous Section 3.3, RMW is able to capture this 7 
observed behaviour in terms of ru when the effects of overconsolidation and structure are 8 
concurrently taken into account (Figure 9f). Nevertheless, the amount of negative excess pore 9 
pressures accumulated during the first four stages of the numerical simulations is considerably 10 
higher than the one measured during the experiment. Again, this may be due to the specific 11 
nature of the tested compacted clays, for which Soralump and Prasomsri [57] measured cyclic 12 
pore water pressures consistently lower than those previously obtained using other types of clays 13 
tested in other types of devices at corresponding cyclic shear stain amplitudes. 14 
Additional CSS simulations have been performed following the procedure explained in Section 3 15 
in which the same model parameters and initial state variables given in Tables 2 and 3 have been 16 
used. The results of these simulations are reported in Figures 7a and 7b in terms of G/G0-, D- 17 
and u/p0- curves. It can been seen that the curves for the compacted clay show a rapid 18 
degradation of shear stiffness and development of excess pore water pressures compared to those 19 
predicted in the parametric analysis using the same initial degree of structure (r0 = 3.0) and 20 
overconsolidation ratio (R0 = 4.0). This can be attributed to the differences in the remaining 21 
model parameters, in particular the stiffness interpolation values. Consistently with the results 22 
discussed in Section 3.4, the large-strain damping ratio is lower compared the one obtained in the 23 
parametric study. 24 
 25 
4.2 Venezuelan North of Paria (VNP) clay 26 
 18 
A series of experimental data by Vucetic [54] on reconstituted samples of the VNP clay has been 1 
used here for the calibration and validation of the RMW model. The VNP clay is a blue-grey stiff 2 
to medium plasticity clay with traces of organic content and some silt. The water content after 3 
consolidation ranged from 41 to 49%, the liquid limit from 71 to 93% and the plasticity index 4 
was equal to 45  6%. The laboratory data included oedometer tests, undrained monotonic and 5 
undrained cyclic shear tests. In particular, two undrained cyclic shear tests, one performed on a 6 
normally consolidated (NC) and the other on an overconsolidated (OC) sample, have been 7 
considered. The stress-strain loops for the two laboratory tests are reported in Figures 11a and 8 
11b, respectively, in terms of normalised cyclic shear stress (h
*
) versus imposed shear strain (). 9 
The one-dimensional consolidation tests have been used to calibrate the parameters *  and *  10 
of the model, while the critical state stress ratio M  has been obtained from undrained 11 
monotonic shear tests. Calibration of the stiffness interpolation parameters B and  has been 12 
performed based on the stress-strain loops of the undrained cyclic shear stress tests. Although the 13 
VNP specimens have been reconstituted in the laboratory before testing, a small amount of initial 14 
structure has been introduced in the numerical simulations (r0 = 1.3) together with a high rate of 15 
destructuration (k = 2.0) in order to capture the stiffness degradation during cycles shown in 16 
Figures 11a and 11b. The model parameters and state variables adopted in this case are given by 17 
Set 3 in Tables 2 and 3, respectively. The corresponding RMW predictions, presented in Figures 18 
11c and 11d, are in good agreement with the experimental results, showing a similar decrease of 19 
the cyclic secant shear modulus with the number of cycles. 20 
The results of CSS test simulations performed using the set of parameters and state variables of 21 
the VNP clay (Set 3) are shown in Figures 4 and 7 for the normally consolidated and 22 
overconsolidated states, respectively. The comparison with the parametric analysis presented in 23 
Section 3.2 indicates that a softer response of the normally consolidated VNP clay accompanied 24 
with smaller hysteretic loops at large strains is predicted (Figure 4a). However, the development 25 
 19 
of excess pore water pressure is in good agreement with the results obtained in the parametric 1 
analysis (Figure 4b). The same conclusions can be drawn for the overconsolidated VNP clay in 2 
terms of G/G0- and D- curves (Figure 7a). The normalised u- curve of the VNP clay, 3 
depicted in Figure 7b, resembles the one obtained for an overconsolidated and unstructured soil 4 
(see Figure 2), since the VNP clay initial degree of structure is very small. 5 
 6 
4.3 Cloverdale clay 7 
Finally, the experimental data by Zergoun and Vaid [58] on undisturbed structured samples of 8 
Cloverdale clay have been used in this section for the validation of the modified RMW model. 9 
This is a soft grey natural clay that has been deposited in a marine environment and is 10 
characterised by a natural water content equal to 50%, a liquid limit of 50% and a plasticity 11 
index of 24%. Its sensitivity (i.e. initial structure) it is due to surface infiltration following an 12 
uplift above the sea level. Undrained cyclic triaxial tests performed at different imposed cyclic 13 
stress ratio amplitude (c/cu), ranging between 0.62 and 0.79, on hydrostatically normally 14 
consolidated samples under an effective stress of 200 kPa have been considered here. Figure 12 15 
presents the development with the number of cycles (N) of the axial strain (a) at peaks of cyclic 16 
stress measured during the experiments (reported with symbols). Dealing with structured 17 
specimens of a natural clay has suggested to adopt a relatively high initial degree of structure (r0 18 
= 3.0). A slightly higher proportion of distorsional destructuration (A
*
 = 0.6) and a low rate of 19 
loss of structure with damage strain (k = 0.1) have been assumed in this case. The other model 20 
parameters have been obtained from Seidalinov and Taiebat [47], who have calibrated a 21 
bounding surface model against the same laboratory tests on Cloverdale clay [58]. The resulting 22 
RMW parameters and state variables are given by Set 4 in Tables 2 and 3 and the corresponding 23 
undrained cyclic triaxial simulations are shown in Figure 12 with dashed lines. The predicted 24 
accumulation of peak a for c/cu equal to 0.75, 0.69 and 0.62 are closely matching the 25 
 20 
experimental results. For c/cu equal to 0.79, instead, the model predicts a stiffer behaviour both 1 
during compression and extension. Although the overall trend of response is captured, this 2 
validation process confirms the necessity to modify the plastic modulus interpolation function of 3 
RMW to better capture the evolution of stress-strain loops observed in the experiments for large 4 
imposed stress ratios.  5 
The calibrated material parameters and state variables have been assigned to the Cloverdale clay 6 
in the CSS test simulations. The comparison between the simulated and parametric study also 7 
shows good agreement (Figure 4) for the initial degree of structure r0 = 3.0 and an 8 
overconsolidation ratio R0 = 1.0. 9 
 10 
5. Conclusion 11 
The enhanced version of a multi-surface kinematic hardening model implementing a new elastic 12 
formulation for the variation of G with mean effective stress, overconsolidation ratio and soil 13 
structure has been presented in the paper. The model prediction of shear stiffness degradation, 14 
hysteretic dissipation and pore pressure accumulation has been parametrically investigated by 15 
changing the model parameters and state variables. This has allowed to study the effects of 16 
overconsolidation and structure degradation on the evolution of shear and hysteretic behaviour 17 
predicted using the advanced soil model. The effect of initial anisotropy on clay cyclic response 18 
has not been considered in the present paper, but this could be investigated in future work. The 19 
numerical results presented in the paper have shown that: 20 
i. By increasing the overconsolidation, the model predicts a final stiffness consistently 21 
higher than that obtained in the normally consolidated case, whereas the calculated 22 
damping ratio remains practically the same. 23 
ii. The initial soil structure induces higher small-strain stiffness but its subsequent damage 24 
under cyclic loading leads to a higher rate of stiffness degradation in the medium to large 25 
strain range with respect to the unstructured case. Destructuration, on the contrary, 26 
 21 
negligibly affects the behaviour in terms of hysteretic dissipation. 1 
iii. Overconsolidation and soil structure represent two distinct aspects of clay behaviour, 2 
having opposite effects on G/G0-, D- and u/p0- curves. 3 
iv. The number of straining cycles is a fundamental parameter controlling the undrained 4 
cyclic behaviour of clays. A number sufficient to reach a steady-state condition should be 5 
adopted in numerical tests. 6 
v. The appropriate selection of the material parameters can lead to a realistic prediction of 7 
hysteretic dissipation, although the model might over-predicts the damping ratio at large 8 
strains. 9 
A general good agreement between the main results of the numerical investigation and 10 
experimental data on natural, reconstituted and compacted clays has been observed, thus 11 
emphasizing the ability of the adopted model to capture crucial aspects of the cyclic behaviour of 12 
clayey materials. Nevertheless, the work has highlighted some features of advanced modelling 13 
which need further research. In particular, the evolution law of the plastic modulus during 14 
unloading/reloading could be modified in future development of the RMW model to produce 15 
smaller cycles and consequently improve the prediction of hysteretic dissipation in the large 16 
strain range (  0.5%). It should also be noted that the cyclic simulations described in the paper 17 
represent an oversimplification of real RC and TS experiments and cannot capture their intrinsic 18 
dynamic nature. Full three-dimensional finite element simulations of these tests should be 19 
performed in the future in order to improve the understanding of dynamic laboratory experiments 20 
usually interpreted within the framework of visco-elasticity (e.g. Cundall [59], Pyke [60]). This 21 
will assist in the development and validation of advanced constitutive models focusing on the 22 
cyclic/dynamic behaviour of natural clays. 23 
 24 
 25 
 26 
 22 
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Appendix I: Constitutive model formulation 
Figure 13 shows the three characteristic surfaces of the RMW model in the p : q plane. The 
mathematical formulation of the model in the general stress space is summarised in the 
following. Since the model describes the response of the soil skeleton, all stresses are effective 
stresses (the primes have been dropped for simplicity). The expression of the reference surface 
is: 
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The bubble surface is written as: 
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The structure surface is given by: 
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where pc is the effective stress which defines the size of the reference surface, R is the size of the 
bubble, M  is a dimensionless scaling function for deviatoric variation of the critical state stress 
ratio, 0  a deviatoric tensor controlling the structure, r is the ratio of the sizes of the structure 
and the reference surfaces, p and s  are the mean pressure and deviatoric stress tensor and the 
symbol ‘ :’ indicates a summation of products. The dots over symbols indicate an infinitesimal 
increment of the corresponding quantity, whereas bold-face symbols indicate tensors. 
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The scalar variable r, which is a monotonically decreasing function of both plastic volumetric 
and shear strain, represents the progressive degradation of the material as follows: 
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where *  and *  are the slopes of normal compression and swelling lines in the lnv : lnp 
compression plane (being v the soil specific volume) and k is a parameter which controls the 
structure degradation with strain. The rate of the destructuration strain d  is assumed to have the 
following form: 
 
    
1
2 2 2
* *1 p pd v qA A  
   
  
                (I5) 
 
where A
*
 is a non-dimensional scaling parameter and pq  and 
p
v  are the plastic shear and 
volumetric strain rate, respectively. 
Volumetric hardening rule is adopted in the model, where the change in size of the reference 
surface, pc, is controlled only by plastic volumetric strain rate, 
p
v , given by: 
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If a stress increment requires movement of the bubble relative to the structure surface, the 
following kinematic hardening is invoked: 
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where   and   0ˆ 1cp r r    I +  denote the locations of the centre of the bubble and 
structure surface respectively, c  is the conjugate stress and   is a positive scalar of 
proportionality. It should be noted that the centre of the structure surface and the deviator of ˆ  
represents the anisotropy of the soil due to structure. The deviator of ˆ  therefore degrades to 
zero as r degrades to unity. 
The plastic modulus H is assumed to depend on the distance between the current stress and the 
conjugate stress and is given by: 
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where Hc is the plastic modulus at the conjugate stress, B and   are two additional material 
properties, : ( )cb   n  is the normalised distance between the bubble and the structure 
surface and max 2( / 1) : ( )b r R   n  is its maximum value. 
 
Notation: 
A, m, n non-dimensional factors in Equation (1) 
b normalised distance between bubble and structure surface 
bmax maximum value of b 
cu undrained shear strength 
D damping ratio 
F structure yield surface 
fr reference yield surface 
fb bubble yield surface 
G0 small-strain shear modulus 
Gsec secant shear modulus 
H plastic modulus 
Hc plastic modulus at conjugate stress 
I second rank identity tensor 
K bulk modulus 
l non-dimensional factor relating G0 to structure in Equation (1) 
N number of cycles 
n  normalised stress gradient on the bubble 
p, p0 mean effective stress 
cp  stress variable controlling size of the surfaces 
q scalar deviator stress 
R0 isotropic overconsolidation ratio 
r parameter describing ratio of sizes of structure and reference surfaces 
ru normalised cyclic pore pressure 
s  tensorial deviator stress 
u, u  pore and excess pore pressure 
v specific volume 
  location of the centre of the bubble 
ˆ  location of the centre of the structure surface 
, c 
cyclic shear strain 
a axial strain 
p
v  plastic volumetric strain 
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p
q  plastic deviatoric strain 
d  damage strain 
  positive scalar of proportionality 
  effective stress tensor 
c  conjugate stress 
c
*
, h
*
 normalised cyclic shear stress 
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Table 1 Model parameters and state variables – Set 1 
Parameter/ 
state variable 
Physical contribution/meaning Set 1
*  Slope of normal compression line in lnv : lnp compression plane 0.11 
*  Slope of swelling line in lnv : lnp compression plane 0.023 
M  Critical state stress ratio 1.20 
R Ratio of size of bubble and reference surface 0.10 
B Stiffness interpolation parameter 1.0 
 Stiffness interpolation exponent 1.5 
A
*
 
Parameter controlling relative proportion of distorsional and volumetric 
destructuration 
0.5 
k Parameter controlling rate of loss of structure with damage strain 1.0 
 Poisson’s ratio 0.25 
p0 (kPa) Initial mean effective stress varied 
pc (kPa) Size of the reference surface 225 
r0 Initial degree of structure varied 
0  Deviatoric tensor describing anisotropy of initial structure 0 
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Table 2 Model parameters – Sets 2, 3 and 4 
 Set 2 Set 3 Set 4 
 0.11 0.14 0.085 
 0.023 0.012 0.012 
M
 1.40 0.60 1.28 
R 0.07 0.05 0.12 
B 0.11 0.14 1.0 
 0.8 0.6 2.5 
A
* 
0.5 0.5 0.6 
k 0.5 2.0 0.1 
 0.25 0.25 0.25 
 
 
 
Table 3 Model state variables – Set 2, 3 and 4 
 
Set 2 Set 3 Set 4 
NC OC 
p0 (kPa) 100 1162 353 200 
pc (kPa) 67 447 544 35 
r0 3.0 1.3 1.3 3.0 
0  0 0 0 0 
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Fig. 1. Variation of normalised shear modulus with shear strain: (a) Bisaccia clay [27, 28]; (b) 
Vallericca clay [29]; (c) Bothkennar clay [30, 31]. 
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Fig. 2. RMW predictions of CSS tests for different overconsolidation ratios (r0 = 1.0). 
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Fig. 3. RMW predictions of undrained triaxial tests on slightly and highly overconsolidated 
samples: (a) case with no structure; (b) case with structure. 
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Fig. 4. RMW predictions of CSS tests for different values of initial structure r0. 
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Fig. 5. RMW predictions of CSS tests for different values of material input parameter l. 
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Fig. 6. RMW predictions of CSS tests for different values of material input parameter k. 
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Fig. 7. RMW predictions of CSS tests for different overconsolidation ratios (r0  1.0). 
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Fig. 8. RMW predictions of CSS tests for different values of material input parameters B and . 
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Fig. 9. Development of cyclic shear strain, normalised cyclic shear stress and pore water pressure with the number of cycles: (a-c) sample 
experimental data from [57]; (d-f) RMW predictions. 
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Fig. 10. Stress-strain hysteretic loops: (a) sample experimental data from [57]; (b) RMW predictions. 
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Fig. 11. Stress-strain hysteretic loops: (a-b) sample experimental data from [54]; (c-d) RMW predictions. 
a) 
b) 
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Fig. 12. Development of the axial strain a at peaks of cyclic stress with the number of cycles: 
sample experimental data from [58] and RMW predictions. 
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Fig. 13. RMW characteristic surfaces in the p : q plane. 
 
 
 
 
